In Escherichia coli mutants deficient in DNA polymerase I, newly -replicated short DNA is joined at about 10% of the rate in the wild-type strains. It is postulated that DNA polymerase I normally functions in filling gaps between the nascent short segments synthesized by the replication complex. Possible implications of the finding are discussed in relation to other abnormal properties of these mutants.
nascent short DNA chains as does the wild-type bacteria. It was noticed that the amount of pulse-labeled short DNA chains present under steady-state conditions was larger in the mutant than in the wild-type strains. This paper describes the results of a detailed study on this point and discusses their possible implications. Similar observations have also been made by Kuempel and Veomett (13) .
MATERIALS AND METHODS
E. coli W3110 (thy-, polA+) and P3478 (thy-, polA -) (1) were kindly provided by Dr. J. Cairns. E. coli P3478R (thy-, polA +), a spontaneous revertant of P3478, was isolated on nutrient agar supplemented with 0.03%/ methylmethanesulfonate. E. coli H/r3OR (pol+) and R15 (pol-) (3) are generous gifts of Drs. S. Kondo and T. Kato (14) , and partially degraded by pancreatic DNase I as described by Modrich and Lehman (15) . E. coli exonuclease III was purified by the method of Richardson and Kornberg (16) . "4C-labeled, heavy E. coli DNA was extracted by the modified Thomas method (17) from E. coli P3478 grown in Medium DT, and denatured in 0.1 N NaOH. Unlabeled, light, denatured DNA was prepared by the same procedure from E. coli P3478 grown in Medium A supplemented with Casamino Acids and thymine.
Pulse labeling and alkaline sucrose gradient sedimentation of DNA were described by Okazaki (18) , except that in the experiment of Fig. 3 the pulse was terminated by pouring the culture into an equal volume of acetone at -200C. 4C-labeled SA DNA (19 S) was used as an internal reference in sedimentation through a 5-20%o sucrose gradient in 0.1 M NaOH-0.9 M NaCl-1 mM EDTA, which was made on a 82%0 sucrose cushion. Radioactivity in cold acid-insoluble material (Fig. 2) , cold acid-insoluble and hot acid-soluble material (Fig. 3) , or cold acid-insoluble, alkali-resistant, and hot acid-soluble material ( Fig. 1) was measured.
To assay DNA polymerase activity, the reaction mixture (0.15 ml), containing 67 mM glycine-KOH (pH 9.2), 6.7 mM MgCl2, 1 mM 2-mercaptoethanol, 0.13 mM activated, denatured salmon-sperm DNA (12) (Fig. 1) . In P3478, about 50% of the label was found in DNA smaller than 30 S after a 2-min pulse at 30°C, whereas in W3110 and P3478R more than half of the labeled DNA sedimented at a rate greater than 30 S after a 10-sec pulse. Thus, there was a difference of 10-fold or more in the rate of increase of the size of single-strands of newly synthesized DNA between P3478 and its parental and revertant strains. Essentially the same results were obtained with pulse-labeling with [3H]thymidine. Similar experiments were performed with E. coli R15, a mutant that was isolated originally as an x-ray-sensitive strain and later found to be deficient in DNA polymerase (3), and with its parental strain (H/r3OR). The results presented in Fig. 2 demonstrate fast and slow increases of the size of single-strands of pulse-labeled DNA in H/r3OR and R15, respectively. While the DNA polymerase activity of extracts of P3478 and R15 was extremely low, these strains had a similar, or slightly higher, activity of DNA ligase than did the other strains (Table 1) .
It is important to test whether the pulse-labeled DNA of the DNA polymerase-deficient mutants derives from the newly replicated portion of the daughter strands or other portions of the chromosome. If it derives from other portions, the observed slow increase of the size of pulse-labeled DNA should be related to DNA repair rather than to replication. P3478, like other E. coli strains, continues to grow when it is transferred from 37°C to 14°C. At 14°C, the increase of the size of pulse-labeled DNA is also much slower in P3478 than in the wild-type strains. In the experiment presented in Fig. 3 , cells were grown at 37°C in heavy medium containing ('5NH4)2SO4, 2H20, and deuterated algal hydrolysate to label the bulk of chromosomal DNA. The cells were then transferred to light medium and incubated at 37°C for 15 min, and then at 14°C for 30 min; the cells were then pulselabeled with [3Hlthymidine. There was little DNA synthesis immediately after the transfer from the heavy to light medium, so that the amount of DNA synthesized in the light medium before the pulse-labeling corresponded to about 5% of the amount of heavy DNA. Radioactive, short DNA chains isolated from cells pulse-labeled for 10 or 30 sec, and radioactive DNA chains of a medium size isolated from cells labeled for 5 min, were analyzed by equilibrium density gradient centrifugation in CsCl. All of the labeled chains had the density of single-stranded light DNA. Thus, it appears evident that the pulse-labeled DNA was synthesized de novo in the replicating region after transfer of the cells to light medium, and that the slow increase of the single-strand size of the labeled DNA represents the slow joining of newlyreplicated DNA chains. (Fig. 4) . One of the most likely possibilities to explain the slow joining in these mutants is that DNA polymerase I normally functions in filling gaps that may exist between the nascent short segments of DNA synthesized by the replication complex (12) . This function of DNA polymerase I for "gap filling," however, may be dispensable, because it could be partially replaced by some other enzyme, possible candidates for which are DNA polymerase II (19) (20) (21) and a product of the recA gene (9) .
Besides the discontinuity and gaps in the daughter strands (17, (22) (23) (24) (25) (26) , the newly replicated portion of the chromosome may have other unique features. These include the existence of single-stranded sections in the parental strands ol)l)osite to gaps between the daughter segments, and the instability of the secondary structure that may be due to the presence of discontinuities and gaps in the daughter strands (17, (22) (23) (24) .
If the "gap-filling step" is really dependent on DNA polymerase I, these features, normally found only in the close proximity to the replicating point, would be extended in the polymerase-less mutant to the region distant from the apex of the replicating fork.
Some abnormal properties of the polymerase I-deficient mutants may be attributed to this "amplification of the newly replicated state." Single-stranded DNA is more sensitive to x-ray, ultraviolet light, and other mutagenic agents than is double-stranded DNA. Thus, the high sensitivity of poh mutants to these agents could partly be due to the increased single-stranded sections in the parental strands, although the high sensitivity may be due largely to the decreased ability to repair the lesion in DNA produced by these agents (4-7). It is noteworthy in this connection that the replicating region is the site most sensitive to the action of a mutagenic agent (27) .
The increase in the frequency of deletion mutations (10) could also be due to the persistence of gaps in the daughter strands and the single-stranded sections in the parental strands or the increased instability of the secondary structure. One possible mechanism for chromosomal deletion involves the formation of a loop in a single-stranded section in the parental strands that results in joining of the daughter-strand segments without filling the gaps (Fig. 5) . Alternatively, the peeling off of the daughter segments that may occur because of the unstable secondary structure (22) might also result in the chromosomal deletion.
The discontinuity of the daughter strands will have a lethal effect if gaps are not filled and the daughter segments are not connected before that portion of the DNA becomes the template in the next cycle of replication. The replication of some small plasmid or phage DNA may become abortive in the absence of DNA polymerase I, because of the incomplete joining of the daughter segments before the subsequent cycle of replication. An alternative explanation for the inability of such DNA to replicate, of course, is an entire dependence of its synthesis on soluble DNA polymerase 1. Other possibilities to' explain the slow joining of the newlyreplicated short chains in the mutants are: (a) delayed modification of the 5' end of the nascent chains necessary for their joining by ligase, possibly removal by the 5' exonuclease activity of DNA polymerase I of a triphosphoryl terminal that might exist at the 5' end of these chains (28) ; (b) occurrence of the 3' tails (single-stranded protrusions), which would be removed by the 3' exonuclease activity of DNA polymerase I (29) ; and (c) prevention of the joining by inactive DNA polymerase I bound at nicks or gaps (30 (17, 22 , Sugino, A., M. Arisawa and R. Okazaki; Sugino, A., and R. Okazaki, to be published). These results, taken together with the fact that the newlyreplicated short chains anneal with the separated complementary DNA strands in T4, X, and T7 (32-34, KainumaKuroda, R., and R. Okazaki, in preparation), support the idea that both DNA strands of E. coli and certain phages are replicated discontinuously. There is, however, suggestive evidence that one of the two DNA strands of B. subtilis and P2 phage is synthesized discontinuously (KainumaKuroda, R., and R. Okazaki, in preparation). These may be correlated to the fact that the movement of the replicating fork is presumably bidirectional in E. coli, X, T7, and T4 (refs. 35 and 36, Wolfson, J., M. Magazin, and D. Dressler, l)ersonal communications, and ref. 37), while it is unidirectional in B. subtilis and P2 (38, 39) . It seems possible that the bidirectional movement of the fork somehow requires the two-strand discontinuous mechanism or a certain degree of symmetry of discontinuous replication.
